Recombinant strains of Ralstonia eutropha and Pseudomonas putida harboring a chimeric polyhydroxyalkanoate (PHA) synthase, which consisted of PHA synthases of Aeromonas caviae and R. eutropha, produced 3-hydroxybutyrate (3HB)-based PHA copolymers comprised of 3-hydroxyhexanoate and 3-hydroxyoctanoate units from dodecanoate (87-97 mol % 3HB), indicating that the chimeric PHA synthase possesses desirable substrate specificity leading to the production of 3HB-rich copolymers.
Bacterial polyhydroxyalkanoates (PHAs) are bio-based polyesters that represent an alternative to petroleumderived plastics. 1) Among the PHA family, 3-hydroxybutyrate (3HB)-based copolymers consisting of small amounts of medium-chain-length (MCL, C 6 -C 12 ) 3-hydroxyalkanoate (3HA) units have attracted research interest, because the copolymers are a polypropylenelike flexible material that overcomes the brittleness of P(3HB) homopolymer. 2) In particular, P(3HB-co-3-hydroxyhexanoate (3HHx))s can be efficiently produced from plant oils, and hence commercial production of them has been investigated. 3) In the production of P(3HB-co-3HHx), the class I PHA synthase from Aeromonas caviae (PhaC Ac ) is a useful enzyme, because among class I enzymes, PhaC Ac possesses exceptionally broad substrate specificity toward C 4 and C 6 monomers and is capable of producing P(3HB-co-3HHx). 4) We have attempted to enhance the activity of PhaC Ac by chimeragenesis of PhaC Ac with a PHA synthase isolated from Ralstonia eutropha (PhaC Re ). 5) During the course of the project, we found that a chimeric PHA synthase with 26% of the N-terminal of PhaC Ac and 74% of the C-terminal of PhaC Re (AcRe12) synthesized a 3HB-based copolymer consisting of 3HB, 3HHx, and 3-hydroxyoctanotate (3HO, C 8 ) units in recombinant Escherichia coli LS5218, suggesting that AcRe12 gained expanded substrate specificity as compared to the parent enzymes. In addition, the terpolymer P(3HB-co-3HHx-co-3HO), might be more flexible than P(3HB-co-3HHx), because the introduction of the 3HO unit has a greater effect on the mechanical properties of 3HB-based copolymers than the 3HHx unit. 6) However, the 3HO fraction in the copolymer produced in E. coli was only a trace, probably because the supply of MCL monomers in E. coli was not sufficient.
Hence, in this study we attempted to enhance the MCL fractions in the 3HB-based copolymer by reinforcing the supply of MCL monomers. MCL monomers, 3-hydroxyacyl-CoAs, were supplied through theoxidation pathway (Fig. 1) .
1) Hence, we chose Ralstonia eutropha and Pseudomonas putida as hosts for 3HB-based PHA production. These strains can be expected to possess sufficient supply of MCL monomers, considering that they efficiently produce PHAs containing MCL monomers from lipids and/or fatty acids.
7)
Two pBBR1MCS-2 8) -derived plasmids, pBBRAcRe12 carrying the chimeric PHA synthase gene (AcRe12), 5) and pBBRABAcRe12 carrying the -ketothiolase gene (phaA Re ) and the NADPH-dependent acetoacetyl-CoA reductase gene (phaB Re ) of R. eutropha 9) together with the AcRe12 gene, were used. The plasmids were introduced into R. eutropha PHB À 4 (DSM541) and P. putida GPp104, 10) which were PHA negative strains, by transconjugation as described previously.
11) PHA production was carried out on 100 ml of mineral salt (MS) medium 12) supplemented with 0.3% wt./vol. sodium dodecanoate using a 500 ml shaking flask at 30 C for 72 h. Kanamycin (50 mg/l) was added to the medium to maintain the expression plasmid. PHA content and monomer composition were determined by gas chromatography (GC) after the methanolysis of lyophilized cells, as described previously. 12) Recombinant R. eutropha harboring pBBRABAcRe12 produced P (97 mol % 3HB-co-3 mol % 3HHx) with a trace amount of the 3HO unit ( Table 1 ). The MCL fractions were slightly higher than those in E. coli. In order to shift the metabolic flux towards MCL monomers, we deleted the gene encoding exogenous 3HB monomer-supplying enzymes (PhaAB). The MCL fractions in the PHA produced by the cells harboring pBBRAcRe12, however, were not greatly changed, suggesting that the removal of phaAB genes from the y To whom correspondence should be addressed. Tel/Fax: +81-11-706-6610; E-mail: staguchi@eng.hokudai.ac.jp
Note plasmid did not lead to a decrease in the 3HB monomer supply because the inherent PhaA and PhaB of the R. eutropha supplied sufficient amounts of the 3HB monomer.
Hence, at the next stage, the chimeric PHA synthase gene was introduced into P. putida, which does not intrinsically possess phaAB genes. 13) On the other hand, the precursor fluxes of MCL monomers are known to be abundant in the synthesis of PHAs with rich MCL fractions by using pseudomonads such as P. putida. 14) As expected, the recombinant P. putida harboring pBBRABAcRe12 produced 33 wt % of PHA with 4 mol % of the MCL fraction, including a trace amount of 3-hydroxydecanoate (3HD) units. To further increase the MCL fractions, AcRe12 without the phaAB genes was introduced into P. putida. The recombinant produced PHA with 13 mol % of the MCL fraction, although its polymer content decreased to 7 wt %. A decreased polymer content caused by removal of the phaAB genes may be interpreted by the speculation that the inherent pathway supplying the SCL monomer in P. putida is weak. Based on these results, the broaden chain-length substrate specificity of chimeric enzyme has been proved by means of recombinants of P. putida that have strong capacity to supply MCL monomers. Accordingly, based on different bacterial backgrounds relevant to the monomer supply, 3HB-based PHA copolymers with tailored monomer composition can be synthesized with the chimeric enzyme by choosing a suitable host among these three strains, in response to demand.
The results of this study indicate that replacement of the N-terminal region of PhaC Re with PhaC Ac drastically broadened substrate specificity, ranging from C 4 to C 10 monomers, suggesting that the N-terminal region contributes to the recognition of monomer substrates. Indeed, previous reports on enzyme mutagenesis of PhaC Re have suggested that the N-terminal region of the enzyme is related to enzymatic properties such as substrate specificity, 15) activity, 15, 16) and thermostability. 17) This confirms the importance of the N-terminal region of PHA synthase in the polymerizing reaction, and suggests the possibility of further engineering of PHA synthase to expand substrate specificity, which would be useful for the production of 3HB-based PHAs with superior flexibility to cover a wider range of applications. ybutyrate-co-3-hydroxyalkanoate) (P(3HB-co-3HA)) from Dodecanoate in Ralstonia eutropha and Pseudomonas putida. The letters in boxes indicate enzymes heterologously expressed. PhaA Re , -ketothiolase of R. eutropha; PhaB Re , NADPH-dependent acetoacetyl-CoA reductase of R. eutropha; AcRe12, chimeric PHA synthase; 3HB-CoA, 3-hydroxybutyryl-CoA; 3HA-CoA, 3-hydroxyacyl-CoA.
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